ABSTRACT. Hemophagocytic lymphohistiocytosis (HLH) is a life-threatening syndrome involving a final common pathway of hypercytokinemia, in which tumor necrosis factor (TNF)-a, interferon (IFN)-g, and soluble interleukin 2-receptor-alpha (sIL-2Ra) are the key cytokines. Pre-B-cell colony-enhancing factor (PBEF) is an inflammatory cytokine involved in several inflammatory diseases. However, its role in HLH is unknown. In this study, we examined the role of PBEF in HLH. Plasma was collected from 22 children with HLH and 14 healthy children. The concentrations of plasma PBEF, TNF-a, IFN-g, and sIL2Ra were determined using an enzyme-linked immunosorbent assay. All clinical data were derived from medical records. In the acute phase, children with HLH had much higher PBEF, TNF-a, IFN-g, and sIL2Ra levels than did healthy children (P < 0.05). After treatment, 13 HLH children improved and PBEF, TNF-a, and IFN-g levels decreased to normal levels (P < 0.05); sIL-2Ra levels also decreased (P < 0.05), but remained above the normal level (P < 0.05). Two patients were lost to follow-up, while 7 patients showed a bad response to therapy and eventually died, showing high PBEF levels above those of the survivors (P < 0.01). PBEF level was significantly positively correlated with TNF-a, IFN-g, sIL-2Ra, serum ferritin, and triglycerides (all P < 0.05), and was negatively correlated with fibrin (P < 0.05). PBEF appears to be involved in the inflammatory process of HLH, and elevated PBEF is related to disease activity. We are currently evaluating the role of PBEF as a marker for the diagnosis and management of patients.
INTRODUCTION
Human pre-B-cell colony-enhancing factor (PBEF) was first identified as a cytokine that acted synergistically with interleukin (IL)-7 and stem cell factor to stimulate early stage B cell formation (Samal et al., 1994) . Several important regulatory elements for cytokines were identified in the sequence of the PBEF gene. However, Rongvaux et al. (2002) argued that PBEF is not a cytokine, as it did not contain known secretion sequences. Thus, whether PBEF is a cytokine remains unclear. However, numerous studies have indicated that PBEF acts as a cytokine and is implicated in several inflammatory diseases, including acute lung injury, clinical sepsis, and rheumatoid arthritis, among others (Jia et al., 2004; Liu et al., 2009; Senolt et al., 2011) . PBEF has been found to upregulate a variety of inflammatory cytokines, including tumor necrosis factor (TNF)-a, IL-1β, IL-6, transforming growth factor-b1, IL-16, and C-C chemokine receptor type 3 (Moschen et al., 2007; Song et al., 2008; Liu et al., 2009) . At high concentrations, PBEF can also cause the production of some anti-inflammatory cytokines, such as IL-2-receptor-alpha (IL-2Ra) and IL-10 (Moschen et al., 2007) . Additionally, PBEF was widely induced by TNF-a, interferon (IFN)-g, IL-1b, IL-6, granulocyte macrophage colony-stimulating factor and other cytokines in neutrophils, monocytes, or macrophages (Jia et al., 2004; Nowell et al., 2006) . Inhibition of PBEF significantly decreases the secretion of TNF-a (Evans et al., 2011) . PBEF was shown to have an anti-apoptosis effect in macrophages during stress via the signal transducer and activator of transcription 3 survival pathway (Li et al., 2008) . It also prevents the apoptosis of neutrophils by caspase-3 and caspase-8 during clinical sepsis (Jia et al., 2004) .
Hemophagocytic lymphohistiocytosis (HLH), a potentially fatal syndrome that occurs regardless of age, is classified into genetic and acquired forms. The exact mechanism is relatively unclear for the latter form. Acquired HLH has been associated with numerous diseases, including infections and rheumatologic disease. The key pathophysiology for HLH is hyperactivation and hyperproliferation of cytotoxic T cells and macrophages, as well as uncontrolled inflammatory cytokine production, which can result in end-organ damage and even death (Tang and Xu, 2011) . Most patients with HLH show elevated serum levels of soluble IL-2R (sIL-2R), TNF-a, and IFN-g (Osugi et al., 1997) . The main symptoms of HLH include persistent fever, pancytopenia, hepatosplenomegaly, and hemophagocytosis (Tang and Xu, 2011) . Because most clinical features of HLH are nonspecific, establishing a diagnosis of HLH is time-consuming. The median time from the onset of the first signs of disease to diagnosis of HLH was 3.5 months in one study (Tang and Xu, 2011) . Because of this delayed recognition, the mortality of HLH was once as high as 95% (Tothova and Berliner, 2014) . Currently, clinicians are seeking innovative methods for early diagnosis. However, there have been no studies to examine the role of PBEF in HLH.
PBEF has been identified to react with several cytokines involved in HLH (Osugi et al., 1997) ; thus, we hypothesized that PBEF is involved in HLH, and understanding PBEF may be helpful for recognizing HLH. We therefore investigated the potential role of PBEF in childhood HLH.
MATERIAL AND METHODS

Methods
Affected and control subjects
This study was performed at the Department of Pediatrics, The First Affiliated Hospital of Guangxi Medical University, Nanning, Guang Xi, China. From May 2012 to February 2014, 22 children with HLH [male, 20; female, 2; median age, 1.6 years (1.9-3.3 years)] were included. Their clinical features are detailed in Table 1 (data were obtained before patients received therapy against HLH). Subjects with hematological malignancy-associated HLH were excluded. Fourteen age-matched healthy children who visited the hospital for a health examination were enrolled as the control group. No subjects in the control group were taking immunosuppressive drugs at the time of the visit. All clinical data were derived from medical records. Diagnosis and treatment of HLH were according to the "HLH-2004: Diagnostic and therapeutic guidelines for hemophagocytic lymphohistiocytosis" protocol (Henter et al., 2007) . Non-survivors were defined as patients who died during the follow-up, whereas survivors were defined as patients who survived until the end of the study. We obtained informed consent from the guardians of all participants. Approval for this study was obtained from the Medical Ethics Committee at the First Affiliated Hospital of Guangxi Medical University.
Specimen collection and measurement of plasma PBEF, TNF-α, IFN-γ, and sIL-2Rα concentrations
Plasma was collected and stored at -80°C. We collected plasma from children with HLH at 4 time points, including pre-therapy, 1 week after therapy, 2 weeks after therapy, or on the day of death. Because 2 patients were lost to follow-up after chemotherapy, we failed to collect their plasma after treatment. The concentrations of plasma PBEF, TNF-a, IFN-g, and sIL-2Ra were determined using an enzyme-linked immunosorbent assay (ELISA). ELISA kits were used for the ELISA assay (PBEF ELISA kit was obtained from Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA; TNF-a, IFN-g, and sIL-2Ra ELISA kits were obtained from ImmunoWay Biotechnology Company, Newark, DE, USA). Optical density was determined at 450 nm using a Multiskan Spectrum (Thermo Fisher Scientific, Waltham, MA, USA) and the results were calculated using the SoftMaxPro6.3 software. 
Statistical analysis
The statistical package SPSS V. 10.0 was used to analyze the data (SPSS, Inc., Chicago, IL, USA). Continuous variables are reported as the median value with interquartile range (25-75th percentile), or as means ± standard deviation. Wilcoxon rank-sum test was performed to examine the difference in PBEF, TNF-a, IFN-g, and sIL-2Ra concentrations between groups. The Spearman rank correlation test was used to analyze the correlations between PBEF and other cytokines as well as laboratory findings. Statistical significance was set at a = 0.05 (two-tailed).
RESULTS
Higher PBEF levels in HLH patients than in healthy controls
In the acute phase of HLH, the median concentration of PBEF before chemotherapy was 33.78 (10.28-63.40) ng/mL, while the PBEF level in healthy children was only 5.37 (4.84-6.38) ng/mL. Figure 1A shows the comparison of plasma PBEF concentrations between groups. Before chemotherapy, children with HLH had much higher PBEF levels than healthy children (P = 0.003). Figure 1 . Plasma PBEF levels in the studied individuals. We determined the concentrations of plasma PBEF using ELISA. Data represent median (IQR) values. A. Comparison of PBEF levels between children with HLH (in acute phase) and healthy individuals. PBEF was markedly elevated in HLH subjects. **P < 0.01. B. Time course of PBEF levels in children with HLH who showed good curative effect. PBEF levels decreased with disease improvement. 0: pre-therapy; 1: 1 week after therapy; 2: 2 weeks after therapy. C. Comparison of plasma PBEF levels between nonsurvivors and survivors. After chemotherapy, non-survivors showed much higher PBEF levels than the survivors. **P < 0.01.
PBEF levels were correlated with the severity of HLH
As described above, children with HLH in the acute phase showed high PBEF levels before treatment. After treatment against HLH, 13 patients showed a good therapeutic effect and were in stable condition. Seven patients showed further deterioration until they eventually died. Two patients were lost to follow-up. Figure 1B shows the decreasing trend in PBEF levels in children with HLH showing an improved condition after treatment. After 1 week of chemotherapy, the PBEF level slightly decreased to 12.63 (5.27-30.94) ng/mL (P > 0.05). After 2 weeks of treatment, the PBEF level significantly decreased to 5.87 (4.14-7.75) ng/mL (P = 0.001), which was comparable to that in healthy children (P = 0.550).
After chemotherapy, PBEF levels in non-survivors were significantly higher than those observed in survivors [101.551 (20.168-114 .831) vs 6.34 (4.472-7.631) ng/mL; P < 0.001, Figure 1C ].
PBEF was significantly correlated with laboratory findings
High levels of serum ferritin and triglycerides, as well as low fibrinogen are widely used markers for the diagnosis of HLH. We also investigated the correlation between PBEF and these laboratory findings. PBEF level showed a significant positive correlation with serum ferritin (r = 0.627, P < 0.05) and triglyceride levels (r = 0.633, P < 0.05), and negative correlation with fibrin (r = -0.521, P < 0.05).
TNF-α, IFN-γ, and sIL-2Rα levels were positively correlated with PBEF, while their evolution during the clinical course of HLH was identical with PBEF TNF-a, IFN-g, and IL-2R are important cytokines in HLH. In this study, we found a positive correlation between PBEF and TNF-a (r = 0.460, P < 0.05), IFN-g (r = 0.512, P < 0.05), and sIL-2Ra (r = 0.461, P < 0.05).
Moreover, changes in TNF-a, IFN-g, and sIL-2Ra levels over the clinical course of HLH were identical with that of PBEF. The concentrations of each cytokine for each group are shown in Table 2 . As shown in Figure 2 , patients in the acute phase of HLH showed higher levels of plasma TNF-a, IFN-g, and sIL-2Ra than did healthy children. After treatment for 2 weeks, some patients improved, and the concentrations of all cytokines decreased with clinical improvement. The TNF-a and IFN-g concentrations decreased to normal levels (P < 0.05; Figure 2A and B); sIL-2Ra levels were also significantly decreased (P < 0.05), but remained above the normal level (P < 0.05; Figure 2C ).
HLH children Healthy children
Pre-therapy 2 weeks after therapy Comparison of plasma TNF-a, IFN-g, and sIL-2Ra levels between groups. HLH (1): children in acute phase of HLH; HLH (2): children with HLH who showed improvement after treatment. Similar to PBEF, TNF-a, IFN-g, and sIL-2Ra levels were also correlated with the disease activity of HLH. During the acute phase of HLH, patients showed much higher levels of these cytokines than did healthy individuals. After effective treatment, TNF-a and IFN-g levels had decreased to normal levels (A and B); sIL-2Ra levels had also decreased, but were still above the normal level (C). * P < 0.05 compared with HLH (1) group.
DISCUSSION
PBEF has been found to be associated with several inflammatory diseases, including acute lung injury, clinical sepsis, and rheumatoid arthritis, among others (Jia et al., 2004; Liu et al., 2009; Senolt et al., 2011) . However, this is the first study to examine PBEF in childhood HLH. Notably, children with HLH showed markedly elevated PBEF levels during the acute phase. Furthermore, PBEF level was well-correlated with disease activity of HLH, and decreasing PBEF levels were observed with disease improvement. After chemotherapy, we also observed that non-survivors showed much higher PBEF levels than survivors. These results indicate that PBEF level reflects the inflammatory reaction status. PBEF was correlated with the severity of HLH, and a higher PBEF level may be associated with worse clinical prognosis.
According to the current diagnostic criteria, laboratory findings are helpful for diagnosing HLH. High levels of ferritin and triglycerides, as well as low fibrinogen, are considered to indicate HLH. In the present study, PBEF was significantly correlated with these laboratory findings. Therefore, in combination with known biomarkers, the determination of PBEF may be helpful for recognizing HLH.
These results may be because of the involvement of PBEF in the inflammatory process of HLH. PBEF may be involved in cytokine upregulation in HLH. HLH is a syndrome characterized by severe hyperinflammation induced by an exaggerated but ineffective immune reaction. Cytotoxic T-cells that undergo prolonged activation continue to proliferate and to produce large amounts of IFN-g, inducing uncontrolled macrophage activation, and then cause secretion of large amounts of IL-12 and other cytokines such as IFN-g and TNF-a (Lykens et al., 2011) . Activated lymphocytes release large amounts of sIL-2Ra. IFN-g and TNF-a are active during the acute phase of HLH, and decrease to normal levels after remission (Osugi et al., 1997) . The expression of PBEF can be induced by TNF-a and IFN-g (Patrone et al., 2002; Jia et al., 2004; Moschen et al., 2007) . In order to test this hypothesis, we analyzed plasma TNF-a, IFN-g, and sIL-2Ra concentrations in children with HLH and in healthy children. We found that TNF-a, IFN-g, and sIL-2Ra levels were well-correlated with disease activity; during the acute phase, they were much higher than those in healthy individuals, and declined with the clinical improvement after effective treatment. Changes in these cytokines during the clinical course of HLH were identical to those for PBEF. Moreover, a positive correlation was observed between PBEF and IFN-g, TNF-a, and sIL-2Ra.
These findings support the hypothesis that PBEF participates in the cytokine induction in HLH. However, the causal relationship between PBEF and HLH requires further investigation. The difference between the genetic and acquired forms must also be identified. In recent years, PBEF has been confirmed to be a treatment target for some inflammatory diseases (Evans et al., 2011) . The results of this study may lay the foundation for the development of novel PBEF-targeted protocols to inhibit the abnormal inflammatory response in HLH. In addition, plasma PBEF level in children with HLH was much higher than in children with sepsis and acute lymphocytic leukemia (ALL). The expression of PBEF mRNA in ALL cells was below normal levels. Distinguishing between HLH and sepsis is difficult. ALL is one of the most common malignant diseases associated with HLH (Tothova and Berliner, 2014) . Some clinical manifestations of HLH are similar to those of ALL. However, timely diagnosis and targeted therapy are key, life-saving measures for patients. This is a difficult challenge faced by clinicians. Perhaps the determination of PBEF could help clinicians determine a differential diagnosis of HLH and sepsis or ALL.
Although most children with HLH in our cohort had the acquired form, because of the lack of HLH-related genetic testing results, we could not confirm the classification of children with HLH as having the acquired or genetic forms. Although this study is preliminary, we found that plasma PBEF was markedly elevated in childhood HLH. Additional studies are needed to confirm our present findings.
In conclusion, PBEF may be involved in the inflammatory process of HLH. An elevated PBEF level was observed in children with HLH, which was highly positively correlated with disease activity. PBEF was correlated with the widely available biochemical markers for diagnosing HLH, as well as predominating cytokines involved in HLH. This may be useful in the diagnosis of HLH. Higher PBEF appears to be associated with a worse prognosis. We are currently further evaluating its role as a marker for the early diagnosis and management of patients.
